The effect of various substrates on the oxygen uptake of Mycobacterium smegmatis grown in the presence of glucose and glycerol was investigated ; isoniazid had no effect on these oxidations. Three different effects of isoniazid on the metabolism of this organism were demonstrated. (i) Growth of the organism in a minimal medium in the Warburg apparatus was prevented by the addition of isoniazid, the amount required being related to the number of organisms present, their age and their sensitivity to the drug as measured by serial dilution in the test tube. (ii) In confirmation of the report of Zeller, 13arsky, Berman & Fouts (1952) it was found that isoniazid inhibited the oxidation of putrescine by M . smegmatis. (iii) Following the work of Gray (1953) the effect of isoniazid on the oxidation of various substrates by M . smegmatis grown in the absence of glucose and glycerol was studied. Isoniazid caused a 30 yo inhibition of the oxidation of acetate. The amount of isoniazid required to inhibit the oxidation of putrescine and acetate was the same whether the strain used was sensitive or resistant to isoniazid as measured by growth in the test tube.
Sensitivity tests
in.), each containing 4 ml. of Dubos fluid medium. The inoculum was 1 drop (0.02 ml.) of a 48 hr. culture in Dubos medium. Incubation was a t 37".
These were carried out in test tubes (6 x
Wurburg experiments
The organisms were grown in Roux bottles, each containing 100 ml. of medium, and incubated flat for 3 days before harvesting. The cultures were collected by centrifugation a t 3000 r.p.m. for 15 min., washed by resuspending in O.Zr+I-phosphate buffer (pH 6.8) and centrifuged again at 3000 r.p.m. for a further 15 min. For use the organisms were resuspended in phosphate buffer, and the suspensions standardized in the Unicam absorptiometer. One ml. of this suspension was used in each Warburg vessel which had a total fluid volume of 3-52 ml. All substances to be tested were dissolved so that the desired amount was contained in 0.6 ml. distilled water and added from the side arm; 0.2 ml. 20 yo KOH was used to absorb CO,. The temperature of the bath was 37" and the shaking rate 100 strokes/min. Results are expressed in terms of Qo,, i.e. pl. 0, taken up/mg. dry wt. organisms/hr.
RESULTS

Oxidative reactions of organisms g r o w in Dubos & Middlebrook medium
In order to obtain a high yield of organisms and so counteract some of the experimental difficulties of using mycobacteria, the organisms were grown in Dubos & Middlebrook medium. This contains salts, glycerol, casein hydrolysate and glucose, and a good yield was obtained after 3 days of incubation.
Effect of isoniaxid on the oxidation of single substrates. The effect of various single substrates upon the oxygen uptake of washed cell suspensions of Mycobucterium smegmatis was investigated. The substances tested included glycerol, glucose, components of the Krebs citric acid cycle, several amino acids, and certain benzoic acid derivatives. The results obtained and the effect of isoniazid on these oxidations are shown in Table 1 . Although the concentration of isoniazid used ( l o -1~) was far greater than that required to inhibit growth in the test tube ( 5 x 1 0 -4~) , the addition of isoniazid caused no change in the Qo, under the conditions used, in the presence of any of the substrates tested.
P . Meadow
In view of the work of Umbreit (1953) on the effect of streptomycin on the reaction between pyruvate and oxaloacetate, the effect of isoniazid on oxygen uptake from oxaloacetate in the presence of pyruvate was tested. This also was unchanged by the addition of isoniazid. Eflect of isoniazid on the oxygen uptake of 'growing' organisms. Since no inhibition of oxidative reactions by isoniazid was found with resting suspensions of Mycobacteriurn smegmatis, it was decided to study the effect of isoniazid on oxygen uptake during growth in the Warburg apparatus. A suspension of M . smegmatis already growing at 37" in Dubos & Middlebrook medium was transferred directly, without washing, to Warburg flasks. I n the presence of isoniazid ( 1 0 -4~) the Qo, was steady over a period of 7 hr., but in its absence the Qo, increased at a constant rate (Fig. 1) . That this increase in the rate of oxygen uptake in the absence of isoniazid was due to growth, is suggested by the following points :
(1) At the end of 7 hr. there was an increase in the mass of organisms. This was visible to the naked eye and was also shown by measuring the turbidity in the Unicam absorptiometer.
(2) By plotting the oxygen uptake against the square of time, a linear relation was shown (Fig. 1) . This arithmetic type of growth pattern was found by Fisher & Kirchheimer (1952) to be typical of the growth of mycobacteria under certain conditions. Later Halpern & Kirchheimer (1954) showed that the growth reverted to the more usual logarithmic type of growth on shaking. Attempts were made to simplify this system which showed isoniazid inhibi-
tion. An increase in Qo, was also obtained after washing the organisms twice with phosphate buffer, and resuspending them in 0.2 M-phosphate (pH 6.8) containing 0.2 yo (wlv) casein hydrolysate and 0.1 M-glycerol. The rate of increase of Qo, in this simplified system was unaffected by the addition of albumin, Tween 80, magnesium sulphate, sodium citrate, glucose, tuberculin purified protein derivative ( P.P.D.), phthiocol, p-aminobenzoic acid or pyridoxin.
When the casein hydrolysate in the simplified system was replaced by putrescine, aspartic acid, asparagine, serine, ammonium sulphate or ammonium citrate the 'growth' effect was not observed. The glycerol could not be replaced by glyceraldehyde or glucose. The concentration of isoniazid required to inhibit 'growth ' was related to that required to inhibit growth in Dubos fluid medium in the test tube ( Table 2) .
Antagonists. Several substances were tested as antagonists of isoniazid inhibition in this system. It was thought possible that inhibition of growth by isoniazid might be due to its competitive antagonism with pyridoxin or nicotinic acid, because of similarity of structure. Pyridoxin (10-2 to 1 0 -5~) , pyridoxal (5 x 10-5 to 1 0 -7~) arid nicotinic acid (10-2 to l W 5~) had no effect on the system; they did not change the rate of increase of oxygen uptake nor the action of isoniazid in suppressing this. Manganese chloride ( to l W 4~) , sodium citrate (10-2 to l W 4~) and haemin (10-3 to 10-6nir) were used, following reports by Fisher (1954) that they antagonized the inhibition by isoniazid of growth of Mycobacterium tuberculosis H37 Rv. The screening plate technique used as described by King, Knox & Woodroffe (1953) , indicated that salicylic acid hydrazide, nicotinic acid hydrazide and benzhydrazide, antagonized the inhibitory action of isoniazid on M . smegmatis in growth (Anderson, King, Knox & Meadow, 1953) . These substances were also tested a t concentrations of to 1 0 "~ in the above system but were without effect.
Oxidative reactions of cells grown in the absence of glucose and glycerol
Gray (1953) showed that inhibition by isoniazid of oxygen uptake by mycobacteria occurred only when the organisms were grown in a medium free from glucose and glycerol, or were starved in aerated phosphate buffer after growth. The effect of isoniazid on the oxidation of single substrates by Mycobacterium smegmatis grown in the absence of glucose and glycerol was therefore tested. The organisms were grown for 3 days in the fumarate medium; they had a much lower basal Qo, than the organisms used previously. Table 3 shows the results obtained when isoniazid-sensitive and isoniazid-resistant strains of M . smegmatis were used with acetate as substrate. 10-2M-isoniazid caused a 30 yo inhibition of the oxygen uptake from acetate whether or not the strain used was sensitive to isoniazid as measured by growth in Dubos medium in the test tube.
Diamine oxidase
One of the earlier reports of enzyme inhibition by isoniazid was that of Zeller et al. (1952) who described the effect of isoniazid on the diamine oxidase of cell suspensions and soluble enzyme preparations of Mycobacterium smegmatis. The most active of the diamine oxidases in this organism is the putrescine oxidase, and this was tested in the Warburg apparatus and the effect of adding isoniazid studied. In confirmation of the report of Zeller et al. (1952) it was found that putrescine was oxidized by washed suspensions of M . smegmatis and that isoniazid a t 10-31\12 caused a 72 yo inhibition of this oxidation in both sensitive and resistant strains ( Table 4) . Yoneda & Asano (1953) reported that the arginine decarboxylase of a strain of Escherichia coli was inhibited by high concentrations of isoniazid, the inhibition being reversed by pyritloxin and more effectively by high concentrations of pyridoxal. This work was repeated with Escherichia coli communius (NCTC 6064) grown for 16 hr. a t 25" in 2 yo (w/v) glucose broth to which had been added 0.001 yo (w/v) arginine. The arginine decarboxylase was measured by the evolution of carbon dioxide after the addition of arginine (to 3 x l W 3~) to washed suspensions in McIlvaine's citric acid buffer (pH 4.2). As shown in Table 5 , isoniazid inhibited the action of the arginine decarboxylase, and this inhibition was partially reversed by pyridoxin ( 1 W 2~) .
Arginine decarboxylase
Attempts were made to demonstrate a similar effect with washed suspensions of Mycobacterium smegmatis. The organisms were grown in broth containing 2 yo (w/v) glucose and 0.001 yo (w/v) arginine a t 25 and a t 37", and also in Dubos & Middlebrook medium to which 0.001 yo (w/v) arginine had been added. No arginine decarboxylase was found in any of these organisms. 
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DISCUSSION
The systems so far shown to be inhibited by isoniazid are the putrescine oxidase and the acetate oxidase of Mycobacterium smegmatis, ' growth ' of -11. smegmatis in a minimal medium and the arginine decarboxylase of Escherichia coli. It appears unlikely that inhibition of the putrescine oxidase of ,Mycobacterium smegmatis is t.he only, or indeed the major, site of action of isoniazid for two main reasons : (1) Inhibition of diamine oxidases is a general reaction given by many substances (including hydroxylamine, nicotinic acid hydrazide and streptomycin), and it does not appear to be related to their antituberculous activity (Zeller, Owen & Karlson, 1951) . (2) Certain diamines, notably spermine, are inhibitory to the growth of tubercle bacilli only in the presence of the diamine oxidase (Hirsch & Dubos, 1952 The chief effect of isoniazid on 'growth' as followed in the Warburg apparatus seems to resemble fairly closely conditions in the test tube, in which growth inhibition is known to occur, since the amounts of isoniazid required for inhibition in the two systems are comparable. This is not, however, an easy technique with which to work since the low concentrations of organisms required for optimum ' growth ' necessitate the use of organisms which are not clumped together. Mechanical grinding, however gentle, prevents the ' growth ' effect, and it is therefore difficult to be sure of obtaining reasonably uniform distributions of the organisms into each Warburg flask. It was thought probably not profitable to continue using the technique as a means of demonstrating the activity of isoniazid, particularly in view of the fact that no such effect was demonstrable with Mycobacterium tuberculosis var. bovis (B.C.G.).
The most hopeful line of approach to the problem appears to be the inhibition of acetate oxidation by isoniazid, using organisms grown in a medium free from glucose and glycerol. However, the use of &Zycobacterium smegmatis in
